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Abstract 
Recent advances provide new opportunities in the field of polymer piezoelectric materials. 
Piezoelectric materials provide unique insights to the fundamental understanding of the solid 
state. In addition, piezoelectric materials have a wide range of applications, representing billions 
of dollars of commercial applications. However, inorganic piezoelectric materials have 
limitations that polymer ferroelectric materials can overcome, if certain challenges can be 
addressed. This mini-review is a practical summary of the current research and future directions 
in the investigation and application of piezoelectric materials with an emphasis on polymeric 
piezoelectric materials. We will assume that the reader is well versed in the subject of polymers, 
however, not as familiar with piezoelectric materials.  
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Introduction and Theory 
Piezoelectricity is the ability of some materials to produce a surface charge when mechanical 
stress is applied; this is known as the direct piezoelectric effect. Conversely, these materials also 
produce mechanical strain when a voltage is applied, the so-called converse piezoelectric effect. 
A more formal definition is provided by the revised IEEE Standard on Piezoelectricity.1 
Piezoelectricity is inherently tied to the structure of the material, therefore providing unique 
insights into the solid state as well as an excellent testing ground for theoretical and 
computational predictions. Also, primarily due to the coupling of mechanical and electrical 
fields, they have a wide range of applications. Piezoelectricity was first reported in 1880.2  In-
depth treatments can be found in well-known books in the field. 3, 4, 5  
The linear constitutive equations describing piezoelectricity are:1 
Tij = c
E ijkl Skl – ekijEk        (Equation 1) 
Di = eikl Skl + µ
S
ijEk            (Equation 2) 
where; Tij is Stress, Skl  is Strain, Ek is Electric field, Di is the Electric displacement, c
E ijkl is the 
elastic constant, where the superscript indicates that the electric field is held constant, eikl is the 
piezoelectric constant, and µSij is the dielectric constant where the superscript indicates that the 
strain is held constant.  
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For equation 1, in the absence of an applied electric field, the term ekijEk  is zero, and equation 1 
is simply a statement of Hooke’s Law. For equation 2, in the absence of strain, the term eikl Skl is 
zero and equation 2 is simply the relation between electric displacement and electric fields for a 
dielectric material. In piezoelectric materials, the equations are coupled. A compressed matrix 
notation, also known as Voigt notation, is often used. The notation consists of replacing ij or kl 
by p or q, where i, j, k, l take the values 1, 2, 3 and p, q take the values 1, 2, 3, 4, 5, 6. Many 
alternate forms to the constitutive equations, equations 1 and 2, are available. However, care 
should be taken in interpreting them. One widely used form of equation 1 can be written as; 
Sij = s
E ijkl Tkl + dkijEk      (Equation 3) 
where sE ijkl is the elastic compliance constant, and dkij is, unfortunately, also called the 
piezoelectric constant, or sometimes known as the piezoelectric strain tensor. The two constants, 
eikl  and dkij  are related by equation 4. 
eip = diq c
E
qp     (Equation 4) 
Referring to equation 3, if an electric field is applied along the z axis and the strain is measured 
along the same axis, a value for the d33 constant can be experimentally determined. For accurate 
results attention should be paid to the boundary conditions. For example, piezoelectric films are 
often clamped on a rigid substrate, and can expand or contract only in the direction perpendicular 
to the surface.6 The d33  and/or d31 constant are typically reported in the literature as an 
experimental measure of displacement due to electric field. For high fields and strains, the linear 
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equations are not applicable and non-linear treatments are necessary. The reader is referred 
elsewhere for a discussion of non-linear piezoelectric materials.7 
In many traditional inorganic piezoelectric/ferroelectric materials, such as BaTiO3, the electric 
dipoles are due to relatively small ionic displacements and to a good approximation, the net 
polarization is the vector sum of these individual dipoles. However, the concept of individual 
molecular electric dipoles summing to give the macroscopic polarization is, in general, lost when 
molecules pack into a crystal lattice. This can be thought of as a renormalization due, in large 
part, to the electronic contribution. For example, in the case of polyvinylidene fluoride (PVDF) 
the dipole density would suggest a polarization of about 0.1 µC/cm2, whereas the actual total 
polarization is nearly double that value when the electronic contribution is considered.8  For a 
more extreme example, in the case of charge-transfer molecular ferroelectrics such as 
tetrathiofulvalene and p-chloranil,9  essentially all of the polarization arises from the electronic 
contribution in the form of charge-transfer. 
Density Functional Theory (DFT) is a powerful computational tool that can be used to model 
electronic structure and properties of materials from first principles, e.g. atomic structure and 
approximate solutions to the Schrodinger equation. Plane wave DFT uses periodic functions to 
model electron density in extended crystals, including the widely used Vienna Ab initio 
Simulation Package (VASP). Other popular plane wave DFT programs that have been used to 
model piezoelectric/ferroelectric tensors include ABINIT,10 CASTEP,11 CPMD,12  NWChem,13 
and Quantum Espresso.14  Alternatively, the solid state program CRYSTAL15 uses atom-centered 
This article is protected by copyright. All rights reserved.
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orbital functions to calculate electronic materials properties. Piezoelectric effects are commonly 
modeled using density functional perturbation theory.16 The electronic and ionic components of 
the system are assumed to be additive, and the differences between perturbed and non-perturbed 
systems are used, in accordance with the modern theory of polarization, presented by King-
Smith and Vanderbilt.17 The change in polarization ” p is described as a geometric quantum 
Berry phase,18, 19 providing a proper quantum mechanical treatment of electric polarization. 
Resta offers a thorough review of the subject.20, 21 This theoretical treatment is also consistent 
with experimental measurements, which essentially measure ∆p rather than p, induced by an 
electric field. Applying the Berry phase method to the calculation of ferroelectric properties 
requires calculation of polarization (both ionic and electronic) for different input ion geometries 
and calculating the differences. In order to calculate piezoelectric properties, DFT methods are 
used to calculate the changes of the stress tensor with respect to changes in the applied electric 
field, or changes in the displacement electric field with respect to changes in the strain tensor to 
calculate the piezoelectric coefficients, e (differentials of equations 1 & 2, respectively). By 
distorting the matrix of atoms, the elastic constants are determined from the stress-strain 
relationship (see equation 1). Using the elastic constants and the piezoelectric coefficients e 
provided by the DFT code, equation 4 can be solved to determine the d33 values for comparison 
with typical experimental results. A collaborative online database of VASP calculations for 
piezoelectric properties is available; this database contains primarily inorganic materials and a 
few polymers.22  
This article is protected by copyright. All rights reserved.
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Related material properties:  
A great number of material properties are closely related to piezoelectricity, including; Second 
harmonic generation (SHG), pyroelectricity, electroactive polymers, electrets and 
ferroelectricity. The connections between these material 
properties can be organized according to polar symmetries. 
First, we discuss true crystal classes, which are divided 
into 32 point groups representing all of the distinct Bravais 
lattices consistent with three-dimensional translational 
symmetry. Piezoelectricity is a property of 20 of the 32 
point groups that lack inversion symmetry. Of the 
piezoelectric point groups, 10 are polar, meaning that they have a unique axis or polarization. 
The polar groups are also pyroelectric because a change in temperature will invariably change 
the polarization, if only because of thermal expansion. To extend the discussion to 
ferroelectricity, we go beyond crystal symmetry, which delineate what physical properties are 
possible, and consider the practical question of whether or not a polarization state can be 
reversed, or switched by application of an external electric field. This depends on the energy 
landscape in addition to the constraints imposed by symmetry.23 In this sense, ferroelectricity is a 
subset of piezoelectricity. These two terms are sometimes used interchangeably, especially in the 
Figure 1: Hierarchal relation 
between key material properties 
related to piezoelectricity. 
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early literature, but this is to be avoided, especially in the case of molecular crystals, because few 
polar molecular crystals are ferroelectric, due to steric hindrance.  Non-volatile computer random 
access memory (RAM) is an application of ferroelectricity24 wherein the fundamental bistability 
of the ferroelectric state is essential. Well-known ferroelectric materials include Barium Titanate 
(BaTiO3), and potassium dihydrogen phosphate (KDP) below 123K. 
Pyroelectricity, as its name indicates, is the ability of some materials to produce an electric 
charge in response to changes in temperature; pyroelectric materials are also a subset of 
piezoelectrics (Figure 1). Pyroelectric materials such as Triglycine Sulfate (TGS) are used in 
infrared detectors. 
Second harmonic generation (SHG) is another closely related material property, and all SHG’s 
are piezoelectric. When an intense light source interacts with a SHG material, light at twice the 
original frequency can be created. This process is widely used in common green hand-held laser 
pointers to convert infrared light into visible green light. SHG is also used in communications for 
frequency mixing. In addition, SHG is used to image proteins.25 
An electret material is a substance that has a metastable polarization arising from trapped charge, 
or metastable alignment of molecular dipoles, or both. The electromechanical response of 
electrets is similar to piezoelectrics. The direction of polarization may be changed at will without 
connection to the underlying structure. A drawback of electrets, is that the polarization is not 
stable and will relax over time, especially at elevated temperatures. This is in contrast to 
ferroelectric materials which exhibit true polarization bistability, which means that a ferroelectric 
This article is protected by copyright. All rights reserved.
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polarization state will not relax and can only be destroyed by heating above a characteristic 
ferroelectric ordering temperature, which can be very high for some ferroelectric materials (lead 
titanate, for one).  
Electroactive polymers (EAPs) are polymers that mechanically respond to an external electric 
field. Piezoelectric polymers are a subset of EAPs in which the mechanism of response is 
piezoelectricity. Electroactive polymers usually achieve greater strains than inorganic materials, 
for example, because of their low elastic modulus. The low modulus, however, comes with at a 
price, EAPs typically produce less force than inorganic (or small molecule) piezoelectrics. For 
this reason, EAPs are more suitable for use with soft materials, where the low modulus results in 
good acoustic coupling in water or tissue, as for ultrasound and sonar applications. There are two 
main classifications of EAPs, dielectric and ionic. The dielectric EAPs typically rely on 
electrostatic forces. The ionic EAPs typically rely on the migration of ions. This often requires a 
fluid or gel. Some potential drawbacks of EAP’s include drying out of the fluid or gel, slow 
response to external stimuli, and weak response, requiring higher operating current and power. 
Also, they do not always exhibit a true piezoelectric response, that is, the generation of charge 
when a force is applied. EAPs have current and potential biomedical applications, for example 
stapling devices.26 Bar-Cohen27 provides a review of EAP’s.  The annual EAP conference28 
promotes an artificial muscle competition.29 
Charged cellular polypropylene, also known as void films, are another approach to EAP’s.30 
Voids within of the cellular polymer are charged by applying a high voltage to the structure. This 
This article is protected by copyright. All rights reserved.
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generates internal dielectric barrier microdischarges. Because of this phenomenon, the deposited 
charges on the internal surface of the voids create electrical polarization, an electret effect with 
piezoelectric-like properties.31 Ramadan et al.32 provide a review of piezoelectric polymers, 
particularly micro-electro-mechanical systems (MEMS) applications.  
Applications 
Sonar was one of the first applications of piezoelectricity in 1916.33 However, one of the most 
widely used applications of ferroelectric/piezoelectric materials is in high-Q capacitors, also 
commonly called ceramic capacitors. Interestingly, this application does not directly exploit the 
materials’ piezoelectric or ferroelectric properties. Instead, the increase in the dielectric constant 
near the Curie point (temperature at which a polar phase transitions to a non-polar phase) creates 
the high dielectric constant, and hence the enhanced capacitance. Doped barium titanate, BaTiO3 
is widely used in capacitors. Doping broadens the sharp temperature dependence of the dielectric 
constant on temperature.34 In a related application, piezoelectric materials were studied as  high-
k gate insulators (insulators with a high dielectric constant, k) in response to the scaling problem 
in field effect transistors (FET)s.35 
A solid solution ceramic, lead zirconate, PbZrxTi1− xO3, commonly called PZT, was discovered in 
1951.36 It is one of the most widely used piezoelectric materials, even today. A nearly vertical 
morphotropic phase boundary (MPB) between polar rhombohedral and non-polar tetragonal 
crystal structures(see Figure 2), enhances its dielectric and piezoelectric response because close 
to the MPB, the energy surface for polarization is very flat.37  




Ceramics like PZT almost always need to be poled. 
Poling is the process of aligning polar domains to the 
extent possible by applying a large DC electric field 
and/or lowering through paraelectric-ferroelectric 
transition temperature while a DC electric field is 
applied. Polymer piezoelectric materials, are often poled 
as well. Ceramic piezoelectric materials can typically 
produce large stresses, forces and/or pressures, but are 
limited to very small strains and/or displacements, due 
to the high elastic moduli of these materials. Various strategies have been implemented to trade 
the high stresses for larger displacements, including: Mechanically amplified actuators such as 
”cymbal” (named due to its similar shape to the musical instrument), and composites such as; 
RAINBOW (reduced and internally biased oxide wafer),38 CRESCENT (stress-biased ceramic-
metal composite actuator),39  LIPCA (lightweight piezocomposite curved actuator),40  MOONIE 
(moon-shaped actuator),41   and THUNDER (thin-layer composite unimorph ferroelectric driver 
and sensor).42  
Figure 3 provides a qualitative comparison of force vs. displacement between various actuator 
designs.  
Figure 2: Phase diagram for solid 
solution ceramic, lead zirconate, 
PbZrxTi1− xO3 showing a nearly 
vertical morphotropic phase 
boundary. Adapted from Jaffe et al. 
Ref 4. 








Energy harvesting is a large and growing 
application of piezoelectric materials.43, 44, 45, 46 
Other applications include surface acoustic waves 
(SAW) devices, spark igniters, ultrasonic motors, 
medical ultrasonic applications,47 audio speakers, 
buzzers, robotics,48 and morphing aircraft wings49 
to name but a few. The list of applications is even 
longer when associated phenomena, such as ferroelectricity is considered. 
For practical engineering applications, finite element analysis (FEA) numerical simulations are a 
useful tool, particularly for objects with complex geometries. FEA is an engineering tool that 
predicts how a material reacts under real world conditions, by using small “elements” such as 
cubes of the material to predict how the material behaves macroscopically. ANSYS and 
Figure 3: Qualitative comparison of popular 
actuator designs emphasizing the tradeoff 
between force and displacement. 
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COMSOL are popular commercial FEA packages. FEA packages are frequently used with 
computer aided design (CAD) software. Typically, a CAD model of an object is created. The 
object is then parsed into many elements. Specific parameters are input into the model, such as 
boundary conditions, any applied forces, temperatures, electric field, etc. and material properties 
of each material used. The appropriate physics equations are solved for each element. The 
element solutions are then matched at the interfaces between elements creating a patchwork 
solution. In piezoelectrics, due to the interaction of the mechanical and electrical fields, more 
advanced FEA known as multiphysics FEA is required. In addition, many actuator applications 
have high aspect ratios, further complicating the analysis.50 
Experimental techniques 
There is a wide range of experimental techniques for characterizing piezoelectric and/or 
ferroelectric materials. We will mention only a few here, specifically techniques which use (1) 
direct observation of materials changes upon application of an electric field, (2) observation of 
phase changes thermally, and (3) piezoresponse force microscopy. Strain response to applied 
electric fields are perhaps the most direct measurement of the piezoelectric response; these are 
reported as “butterfly curves”, see Figure 4,.  
 
Samples are prepared by affixing conductive 
electrodes to opposite sides of the sample, forming 
Figure 4: Typical piezoresponse 
“Butterfly” curve for PZT. Thickness 0.9 
mm, Area = 1.26 cm2. 
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a parallel plate capacitor. If the sample has a high dielectric constant, close contact between the 
sample and the electrode is critical. For example, even a small gap would result in most of the 
applied voltage being dropped across the gap rather than the sample. Silver or gold paint, or 
vapor deposited gold electrodes are commonly used. Numerous articles have been written on the 
electrode-sample interface.51, 52 The electrodes are used to apply an electric field while the 
surface displacement is monitored, usually with a fiber optic sensor, linear variable differential 
transformer (LVDT), laser micrometer, or similar device.53 From this measurement, the value of 
one of the components of the piezoelectric tensor, d33 in this case, can be determined using 
equation 3. A measurement of the lateral surface displacement can be used to determine off-
diagonal components of the piezoelectric tensor, d31, in this case. Quite often a ferroelectric 
hysteresis response can be acquired simultaneously. The most widely used acquisition circuit for 
measuring ferroelectric hysteresis is a modern modification of the Sawyer Tower54 circuit. In the 
modern circuit a virtual ground operational amplifier circuit is used to sum the current flowing 
onto/off the sample electrodes. In the early days, false reports of ferroelectricity were common, 
primarily due to artifacts such as resistive and/or linear capacitive responses being falsely 
identified as ferroelectric. Scott55 provides a whimsical article on false ferroelectric responses 
from the skin of a banana. Recently reports of false ferroelectric responses have been connected 
with reporting multiferroic materials,56 that is, materials with both magnetic and electronic 
polarizations. Some modified Sawyer-Tower systems are available commercially, for example, 
Radiant Technologies and Advanced Customized Characterization Technology.  
This article is protected by copyright. All rights reserved.
 14 
Piezoelectric (and ferroelectric) materials undergo a structural phase transition at the Curie point. 
This typically results in a sharp peak when the capacitance is measured as a function of 
temperature, measured with electrodes similar to those described above, as temperature is varied. 
In a related measurement technique, differential scanning calorimetry (DSC) measures the heat 
flowing into or out of a sample as a function of temperature, and shows a similar discontinuity at 
the Curie point.  Sherrit and Makherjee57 review characterization techniques for piezoelectric 
materials for transducer applications, with a particularly thorough review of frequency dependent 
issues such as impedance.  
Piezoresponse Force Microscopy (PFM), an adaptation of Atomic Force Microscopy (AFM), 
was first introduced in 1992,58 and has become widely used for detecting piezoelectricity, 
particularly in thin films. PFM only requires a bottom electrode be affixed to the sample. A 
conductive PFM cantilever acts as the top electrode. Two methods are typically employed: a 
single point measurement or a scanning methodology. In the case of the single point method, the 
x-y motion of the sample is arrested and an AC signal is applied across the sample. 
Simultaneously a DC voltage sweep is applied to the sample ranging from some negative voltage 
to a positive voltage and then sweeping back down to the original voltage. Two electrical 
responses are collected simultaneously from the cantilever. One is the detector current or 
amplitude, which, with proper calibration, can be converted to strain. The other response is the 
phase between the applied AC signal and the response. The product of the amplitude with the 
cosine of the phase yields an unfolded butterfly curve, resulting in a hysteresis loop (see Figure 
This article is protected by copyright. All rights reserved.
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4). This is often referred to as the piezoresponse. In the scanning method, x-y scans are taken 
while typically monitoring three sample responses: surface height, polar phase, and polarization 
magnitude, looking for evidence of ferroelectric domains. Of course, the height response should 
not show any domain structure and is primarily used for comparison to distinguish surface 
features from domains. Figure 5 shows a PFM image of periodically poled lithium niobate 
(PPLN) substrate. PPLN is a commercially available ferroelectric material (used in SHG 
applications), making it a nice standard for PFM. As an extension of the scanning method, a 
strong DC field can be applied across the sample to write domains. The domains are later read 









Figure 5: PFM image (phase) of a 
PPLN standard showing diagonal 
ferroelectric domains. 
Figure 6: (CSUSB logo) written in 
ferroelectric BaTiO3 by applying a 
voltage using a conductive AFM thereby 
selectively arranging domains and later 
reading those domains with the AFM. 
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While imaging native polar domains and reading/writing polar domains might be taken as 
convincing evidence of ferroelectricity, they are not always conclusive. Several publications 
have addressed false positive data obtained in this manner.59, 60, 61 One of the primary sources of 
false positive piezoelectric responses is due to the electrostatic force between the cantilever and 
the sample. This tends to stretch the piezoresponse curve. Another primary source of false 
positives is charge injection. A modified contact Kelvin probe force microscopy (cKPFM) 
measurement is an effective tool for distinguish false results from genuine ferroelectric 
responses.62 Recently a technique which utilizes the direct piezoelectric effect (dPFM) has been 
reported.63 Incidentally, piezoelectric actuators are used in AFMs; They are an integral part of 
the x-y-z motion control, as well as the cantilever64 in some cases. 
Polymers 
One of the main challenges to applications of inorganic piezoelectric materials is that they are 
typically brittle. Attempts have been made to overcome this challenge. For example, ribbons of 
PZT are sandwiched between poly (4,42-oxydiphenylene pyromellitimide), (commonly known as 
KaptonTM) in a construction known as Microfiber Composites,TM commercially available from 
Smart Materials. Another approach combines the complementary properties of ceramic 
piezoelectric materials with polymers by dispersing ceramic particles in a polymer. 
Sampathkumar et al.65 review ceramic inclusions randomly dispersed in a polymer matrix, 
known as 0-3 connectivity. 
This article is protected by copyright. All rights reserved.
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The discovery of piezoelectricity in polyvinylidene fluoride (PVDF )66 in 1969 revolutionized the 
field of soft piezoelectric materials. However, ferroelectricity in PVDF was not accepted until 
about 1980, following a study of the copolymers, e.g. PVDF-TrFE (PVDF-trifluoroethylene), 
which allowed careful study of the phase transition (Figure 7). Without characterizing a phase 
transition accompanying a change in 
piezoelectricity, it was not possible to rule out 
electret effects in what were fundamentally 
polymorphous materials.23 Kepler and 
Anderson67 provide an early review (1992) of 
ferroelectric polymers. Harrison and Ounaies68 
provide a 2002 review, and Fukada69 presents a 
review of piezoelectric polymers up to 2006. Three different crystalline phases have been 
identified in untreated PVDF: ±, ² , and ³ . The ² -phase, which is useful for piezoelectricity, can 
be obtained by mechanical stretching and electrical polarization.31 Compared to traditional 
ceramic piezoelectric materials, polymer piezoelectric materials are much more flexible and 
easier to produce. However, they have some disadvantages.  Their d33 values are smaller and 
they require a comparatively large external electric field, known as the coercive field, to reverse 
the polarization. Much of this is due to an important distinction between the polarization reversal 
mechanisms in polymers, versus inorganic materials, in which the reversal proceeds via 
Figure 7:  Structure of PVDF-TrFE showing 
the all-trans conformation and parallel crystal 
packing of the ferroelectric phase. 
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relatively small ionic displacements or ordering. In the case of known polymer materials, 
significant rotation of the polymer change is required.23 
Typically, coercive fields for polymers (5 x 107 V/m for PVDF) are greater than those for 
inorganics (2.4 x 107 V/m for PZT). However, thin polymer films require less applied voltage to 
produce the necessary coercive fields. Several different methods for producing piezoelectric 
polymer films can be employed: replica molding, spin coating, electrospinning, casting, screen 
printing and more recently, nanoimprinting lithography and photolithography. Ramadan et al.70 
provide an overview in Table 2 of their manuscript. The Langmuir-Blodgett (LB) method can be 
used to produce particularly thin films (~15 nm)71 with high crystallinity, with polarizations 
oriented perpendicular to the film. The effective d33 values of films prepared in this manner can 
be as high as 20 pm/V. 
The problem of fatigue (decrease in polarization with increasing number of polarization 
reversals)1 has long plagued ferroelectric materials in the application of non-volatile memory. 
This continues to be a challenge for inorganic ferroelectric materials as well as polymer 
ferroelectric materials. Polymeric materials also lose activity due to aging. For example, the 
remnant polarization in PVDF-TrFE significantly decreases upon 106 switching cycles, which is 
significantly lower than the 108 cycles desired by industry standards.72 In contrast,  inorganic 
oxide memory devices currently used commercially can achieve 1012 switching cycles or more.73 
Nylon 5, 7, 9 and, 11 are also classic piezoelectric polymers, forming electric dipoles due to 
This article is protected by copyright. All rights reserved.
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hydrogen bonding.74 As an example, the structure of hydrogen bonding in Nylon 11 is shown in 
Figure 8 and its piezoelectric properties 
are listed in Table 1.          
 
Other piezoelectric polymers also have 
been reported, such as polyvinyl chloride 
(PVC) and (PVDCN) copolymers; the 
latter was reported to have a saturation 
polarization of 5.5 µC/cm2, comparable 
with that of PVDF.75 
Table 1: Comparison between, polymeric inorganic, and single molecule piezoelectric materials. 
Properties PVDF Nylon 11  PZT BaTiO3 Croconic acid 
Density 
(g/cm3) 




up to 23 3 to 14 170 to 270 78 n/a 
Piezoelectric 
constant (d33)  
(pC/N) 




5 to 8 5 to 8 20 to 40 up to 26 20  
Coercive field 
(V/m) 
5 x 107  1 x 108 2.4 to 14.4 x105 4.5 x 105 11 to 29 x 105 
Note: Absolute values for d31 and d33 
Figure 8: Dipole moment of Nylon 11. 
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Piezoelectric polymers, particular PVDF and its copolymers find many applications in 
technology and industry. For instance, these piezoelectric polymers are fabricated as tactile 
sensors detecting force and temperature changes76, 77 and are used as acoustic transducers 
transmitting electromechanical signals,78 applied robotics and in the medical field. Piezoelectric 
polymers can also be used to harvest vibrational energy by transforming mechanical energy into 
electricity.79, 80 In addition, certain piezoelectric synthetic polymers are compatible with 
biological tissue. Many tissues, such as collagen, keratin, fibrin and prestin etc., are themselves 
piezoelectric. 81, 82, 83 PVDF and vinylidene fluoride (VDF) copolymers provide good candidates 
in electromechanical transduction for tissue engineering due to their large piezoelectric response, 
as well as biological stability. For example, PVDF fibers were tested as scaffolds in a bone tissue 
engineering application, and its effect on biological function was investigated with human 
mesenchymal stem cells. 84, 85 A mixture of PVDF and polyurethane was studied for its 
piezoelectric effect on wound healing and fibroblast activity.86 Other than PVDF, poly-L-lactic 
acid (PLLA), a biodegradable polymer which demonstrates piezoelectricity87 was used as a bone 
substitute that was approved by US Food and Drug Administration.88 Recently, PLLA was 
incorporated with other bioactive materials such as hydroxyapatite and collagen to grow fetal 
osteoblasts and endothelial cells derived from human stem cells.89, 90 Most research on the 
application of PVDF and other piezoelectric biopolymers is focused on bone collagen. Despite a 
well-established biophysical model for prestin’s electromechanical activity, no synthetic 
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piezoelectric polymers have yet been incorporated into this tissue, in part due to the unclear 
molecular mechanisms underlying prestin’s piezoelectric activity.91 
Current research: 
Recent discoveries of room temperature organic and organometallic piezoelectric materials with 
activity comparable to inorganics have reignited an interest in organic/organometallic 
piezoelectric materials. Most notable are croconic acid92 (Figure 9), and diisopropylammonium 
bromide93, 94 (DIPAB, Figure 10). Croconic Acid has a saturation polarization of 20 µC/cm2 and 
a Curie temperature above its molecular decomposition temperature (450 K).  Crystalline 
croconic acid is hydrogen bonded, and its mechanism for ferroelectric reversal is through 
hydrogen bond transfer cascades. Incidentally, squaric acid (SA), the 4-carbon analog of CA, has 
been known as an antiferroelectric (a material with local dipoles that are cancelled out by 
adjacent dipoles) for years. SA is an example of an organic compound that undergoes phase 
transition similar to the well-known piezoelectric, potassium dihydrogen phosphate (KDP). 
Diisopropylammonium Bromide has a saturation polarization of up to 23 µC/cm2 and a Curie 
temperature of 426 K, well above room temperature. This new generation of organic and 
organometallic piezoelectric and ferroelectric materials has not yet been deployed in 
applications. 
      








Multifunctional materials hold great promise both for increasing the fundamental understanding 
of materials and for novel applications. Piezoelectric materials are perhaps the most familiar 
examples of multifunctional materials, linking mechanical and electrical fields. Multiferroic 
materials that link ferroelectricity and ferromagnetism have a wealth of potential applications. 
One potential application would be computer data storage devices that could be written to 
electrically and read magnetically, or vice versa. An even more exciting prospect would be 
magnetoelectric materials in which static electric fields and static magnetic fields interact. This 
would contrast to the now common electromagnetic interaction of changing electric fields and 
changing magnetic fields that is at the heart of our current technologies (i.e. electric motors, 
generators, radio waves, etc.). From a theoretical standpoint multiferroic materials provide 
intellectually stimulating challenges. At one time, ferroelectricity and ferromagnetism were 
believed to be mutually exclusive, due primarily to the observation that in common perovskite 
ferroelectric materials of the form ABO3, (BaTiO3 being the most common), bonding results in 
Figure 9: Croconic Acid: 
Figure10: diisopropylammonium 
bromide (DIPAB) 
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no unpaired d electrons, and hence a lack of ferromagnetism. Substituting Mn for Ti in the 
complex, allows for the possibility of both ferroelectricity and ferromagnetism. Based on this, 
BiMnO3 was predicted and subsequently shown experimentally to be ferroelectric with 
ferromagnetic ordering.95, 96, 97  
Magnetoelectric nanocomposites are made up of discrete regions of ferroelectric and 
ferromagnetic materials, bonded together. Magnetoelectric responses that are orders of 
magnitude greater than what is typically found in single-phase materials have been reported.98 
The magnetic-electronic interaction is facilitated by mechanical intermediaries; piezoelectricity 
and magnetostriction (the magnetic analog of piezoelectricity). In these composites, for example, 
the application of an electric field produces a mechanical stress in the piezoelectric region, which 
in turn produces a magnetic field in the mangnetostriction region. Typically, these discrete 
regions are in the form of layers.99 An alternate approach is core-shell nanocomposites with a 
ferroelectric “coat” surrounding magnetic nanoparticles forming a 0-3 dimension nanocomposite. 
The literature contains examples in which a ferroelectric polymer matrix (PVDF or related) is 
used in combination with various magnetic nanoparticles.100, 101, 102  A particularly thorough 
review article was published by Martins and Senentxu.103  
A topical review article104 is focused on the multiferroic system, applied to spintronics, where the 
ferromagnetism in the (Ga, Mn)As diluted magnetic semiconductors (DMS) ferromagnetic 
channel is controlled by the non-volatile field effect of the ferroelectric spontaneous polarization. 
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Use of ferroelectric polymers as gates in such heterostructures offers a viable alternative to the 
traditional oxide ferroelectric materials, which are generally incompatible with DMS. 
 
Conclusions:  
Recent advances, particularly in the area of inorganic/organic-organometallic piezoelectric 
materials, may prompt new interest in piezoelectric materials by polymer scientists. There is 
untapped potential in heteropolymers, copolymers, and polymeric/embedded materials. 
Hopefully this primer has provided a starting point for understanding the history, theory, 
experimental practices and applications of piezoelectric materials. 
Acknowledgements: This work was supported by the National Science Foundation (NSF) 
through the California State University, San Bernardino, Centers of Research Excellence in 
Science and Technology  (CREST) (grant No. HRD – 1345163), and the Nebraska Materials 
Research Science and Engineering Center (MRSEC) (grant No. DMR-1420645). 
References  
1 Meeker TR. Publication and proposed revision of ANSI/IEEE standard 176-1987. IEEE 
Transactions on Ultrasonics Ferroelectrics and Frequency Control. 1996 Jan 1;43(5):717-72. 
2 Curie J, Curie P. Development by pressure of polar electricity in hemihedral crystals with 
inclined faces. Bull. soc. min. de France. 1880 Aug;3:90. 
This article is protected by copyright. All rights reserved.
 25 
3 Lines ME, Glass AM. Principles and applications of ferroelectrics and related materials. 
Oxford university press; 1977. 
4 Jaffe, B.; Cook, W.R.; Jaffe, H. Piezoelectric Ceramics; London and New York: Academic 
Press 1971. 
5 Nye JF. Physical properties of crystals: their representation by tensors and matrices. Oxford 
university press; 1985. 
6 Bune AV, Zhu C, Ducharme S, Blinov LM, Fridkin VM, Palto SP, Petukhova NG, Yudin SG. 
Piezoelectric and pyroelectric properties of ferroelectric Langmuir–Blodgett polymer films. 
Journal of Applied Physics. 1999 Jun 1;85(11):7869-73. 
7 Usher T, Sim A. Nonlinear dynamics of piezoelectric high displacement actuators in cantilever 
mode. Journal of Applied Physics. 2005 Sep 15;98(6):064102. 
8 Nakhmanson SM, Nardelli MB, Bernholc J. Ab initio studies of polarization and 
piezoelectricity in vinylidene fluoride and BN-based polymers. Physical review letters. 2004 Mar 
18;92(11):115504. 
9 Kobayashi K, Horiuchi S, Kumai R, Kagawa F, Murakami Y, Tokura Y. Electronic 
ferroelectricity in a molecular crystal with large polarization directing antiparallel to ionic 
displacement. Physical review letters. 2012 Jun 4;108(23):237601. 
This article is protected by copyright. All rights reserved.
 26 
10 Gonze X, Beuken JM, Caracas R, Detraux F, Fuchs M, Rignanese GM, Sindic L, Verstraete 
M, Zerah G, Jollet F, Torrent M. First-principles computation of material properties: the ABINIT 
software project. Computational Materials Science. 2002 Nov 30;25(3):478-92. 
11 Clark SJ, Segall MD, Pickard CJ, Hasnip PJ, Probert MI, Refson K, Payne MC. First 
principles methods using CASTEP. Zeitschrift für Kristallographie-Crystalline Materials. 2005 
May 1;220(5/6):567-70. 
12 CPMD C. V3. 11, Copyright IBM Corp 1990–2006. Copyright MPI fuer 
Festkoerperforschung Stuttgart. 1997;2001. 
13 Valiev M, Bylaska EJ, Govind N, Kowalski K, Straatsma TP, Van Dam HJ, Wang D, 
Nieplocha J, Apra E, Windus TL, De Jong WA. NWChem: a comprehensive and scalable open-
source solution for large scale molecular simulations. Computer Physics Communications. 2010 
Sep 30;181(9):1477-89. 
14 Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C, Ceresoli D, Chiarotti GL, 
Cococcioni M, Dabo I, Dal Corso A. QUANTUM ESPRESSO: a modular and open-source 
software project for quantum simulations of materials. Journal of physics: Condensed matter. 
2009 Sep 1;21(39):395502. 
15 Dovesi R, Orlando R, Erba A, Zicovich‐Wilson CM, Civalleri B, Casassa S, Maschio L, 
Ferrabone M, De La Pierre M, D'Arco P, Noël Y. CRYSTAL14: A program for the ab initio 
This article is protected by copyright. All rights reserved.
 27 
investigation of crystalline solids. International Journal of Quantum Chemistry. 2014 Oct 
5;114(19):1287-317. 
16 Baroni S, Giannozzi P, Testa A. Green’s-function approach to linear response in solids. 
Physical Review Letters. 1987 May 4;58(18):1861. 
17 King-Smith RD, Vanderbilt D. Theory of polarization of crystalline solids. Physical Review 
B. 1993 Jan 15;47(3):1651. 
18 Berry MV. Quantal phase factors accompanying adiabatic changes. InProceedings of the 
Royal Society of London A: Mathematical, Physical and Engineering Sciences 1984 Mar 8 (Vol. 
392, No. 1802, pp. 45-57). The Royal Society. 
19 Wilczek F, Shapere A, editors. Geometric phases in physics. World Scientific; 1989 Jul 1. 
20 Resta R. Macroscopic polarization in crystalline dielectrics: the geometric phase approach. 
Reviews of modern physics. 1994 Jul 1;66(3):899. 
21 Resta R. Modern theory of polarization in ferroelectrics. Ferroelectrics. 1994 Jan 1;151(1):49-
58. 
22 De Jong M, Chen W, Geerlings H, Asta M, Persson KA. A database to enable discovery and 
design of piezoelectric materials. Scientific data. 2015;2. 
23 Poulsen M, Ducharme S. Why ferroelectric polyvinylidene fluoride is special. IEEE 
Transactions on Dielectrics and Electrical Insulation. 2010 Aug;17(4). 
This article is protected by copyright. All rights reserved.
 28 
 24 Choi JM, inventor; Hyundai Electronics Industries Co., Ltd., assignee. Ferroelectric RAM 
device. United States patent US 6,044,008. 2000 Mar 28. 
25 DeWalt EL, Begue VJ, Ronau JA, Sullivan SZ, Das C, Simpson GJ. Polarization-resolved 
second-harmonic generation microscopy as a method to visualize protein-crystal domains. Acta 
Crystallographica Section D: Biological Crystallography. 2013 Jan 1;69(1):74-81. 
26 Shelton FE, Hueil JC, Morgan JR, inventors; Ethicon Endo-Surgery, Inc., assignee. Surgical 
stapling instrument having an electroactive polymer actuated medical substance dispenser. 
United States patent US 8,905,977. 2014 Dec 9. 
27 Bar-Cohen Y, Zhang Q. Electroactive polymer actuators and sensors. MRS bulletin. 2008 
Mar;33(3):173-81. 
28 Bar-Cohen Y. Electroactive Polymer Actuators and Devices (EAPAD) 2017. InProc. of SPIE 
Vol 2017 (Vol. 10163, pp. 1016301-1). 
29 https://ndeaa.jpl.nasa.gov/nasa-nde/lommas/eap/EAP-web.htm  Last accessed, December 5, 
2017. 
30 Kirjavainen K, inventor. Electromechanical film and procedure for manufacturing same. 
United States patent US 4,654,546. 1987 Mar 31. 
31 MOHEBBI A, Mighri F, Ajji A, Rodrigue D. Cellular polymer ferroelectret: a review on their 
development and their piezoelectric properties. Advances in Polymer Technology. 2016 Feb 1. 
This article is protected by copyright. All rights reserved.
 29 
32 Ramadan KS, Sameoto D, Evoy S. A review of piezoelectric polymers as functional materials 
for electromechanical transducers. Smart Materials and Structures. 2014 Jan 17;23(3):033001. 
33 Katzir S. Who knew piezoelectricity? Rutherford and Langevin on submarine detection and 
the invention of sonar. Notes Rec. R. Soc.. 2012 Mar 7:rsnr20110049. 
34 Ho J, Jow TR, Boggs S. Historical introduction to capacitor technology. IEEE Electrical 
Insulation Magazine. 2010 Jan;26(1). 
35 Maria JP, Cheek K, Streiffer S, Kim SH, Dunn G, Kingon A. Lead Zirconate Titanate Thin 
Films on Base‐Metal Foils: An Approach for Embedded High‐Permittivity Passive Components. 
Journal of the American Ceramic Society. 2001 Oct 1;84(10):2436-8. 
36 Shirane G, Sawaguchi E, Takagi Y. Dielectric properties of lead zirconate. Physical Review. 
1951 Nov 1;84(3):476. 
37 Wu Z, Cohen RE. Pressure-induced anomalous phase transitions and colossal enhancement of 
piezoelectricity in PbTiO 3. Physical review letters. 2005 Jul 13;95(3):037601. 
38 Haertling GH. Rainbow ceramics: a new type of ultra-high-displacement actuator. American 
Ceramic Society Bulletin. 1994;73(1):93-6. 
39 Chandran S, Kugel VD, Cross LE. Crescent: a novel piezoelectric bending actuator. InSmart 
Structures and Materials' 97 1997 Jun 6 (pp. 461-469). International Society for Optics and 
Photonics. 
This article is protected by copyright. All rights reserved.
 30 
40 Yoon KJ, Shin S, Park HC, Goo NS. Design and manufacture of a lightweight piezo-
composite curved actuator. Smart Materials and Structures. 2002 Feb 6;11(1):163. 
 
41 Onitsuka K, Dogan A, Tressler JF, Xu Q, Yoshikawa S, Newnham RE. Metal-Ceramic 
Composite Transducer, the" Moonie". Journal of Intelligent Material Systems and Structures. 
1995 Jul;6(4):447-55. 
42 Hellbaum RF, Bryant RG, Fox RL, inventors; The United States Of America As Represented 
By The Administrator Of The National Aeronautics, assignee. Thin layer composite unimorph 
ferroelectric driver and sensor. United States patent US 5,632,841. 1997 May 27. 
43 Yuan X, Changgeng S, Yan G, Zhenghong Z. Application review of dielectric electroactive 
polymers (DEAPs) and piezoelectric materials for vibration energy harvesting. InJournal of 
Physics: Conference Series 2016 Sep (Vol. 744, No. 1, p. 012077). IOP Publishing. 
44 Nguyen H, Navid A, Pilon L. Pyroelectric energy converter using co-polymer P (VDF-TrFE) 
and Olsen cycle for waste heat energy harvesting. Applied thermal engineering. 2010 Oct 
31;30(14):2127-37. 
45 Mostafa S, Lavrik N, Bannuru T, Rajic S, Islam SK, Datskos PG, Hunter SR. A Finite 
Element Model of Self-Resonating Bimorph Microcantilever for Fast Temperature Cycling in A 
Pyroelectric Energy Harvester. MRS Online Proceedings Library Archive. 2011 Jan;1325. 
This article is protected by copyright. All rights reserved.
 31 
46 Erturk A, Inman DJ. Piezoelectric energy harvesting. John Wiley & Sons; 2011 Apr 4. 
47 Manbachi A, Cobbold RS. Development and application of piezoelectric materials for 
ultrasound generation and detection. Ultrasound. 2011 Nov;19(4):187-96. 
48 Palmer JA, Dessent B, Mulling JF, Usher T, Grant E, Eischen JW, Kingon AI, Franzon PD. 
The design and characterization of a novel piezoelectric transducer-based linear motor. 
IEEE/ASME Transactions on Mechatronics. 2004 Jun;9(2):392-8. 
49 Usher TD, Ulibarri KR, Camargo GS. Piezoelectric microfiber composite actuators for 
morphing wings. ISRN Materials Science. 2013 Jan 23;2013. 
50 Usher TD, Sim A, Ashford G, Camargo G, Cabanyog A, Ulibarri K. Modeling and 
applications of new piezoelectric actuator technologies. Smart Structures and Materials 2004: 
Modeling, Signal Processing, and Control. 2004 Jul 26;5383:31-8. 
 51 Genenko YA, Glaum J, Hoffmann MJ, Albe K. Mechanisms of aging and fatigue in 
ferroelectrics. Materials Science and Engineering: B. 2015 Feb 28;192:52-82. 
52 Pang X, Lam K, Fu L. Effect of the new type metal electrode on the properties of ferroelectric 
ceramic. Ferroelectrics. 2016 Dec 7;505(1):90-101. 
53 Mulling J, Usher T, Dessent B, Palmer J, Franzon P, Grant E, Kingon A. Load 
characterization of high displacement piezoelectric actuators with various end conditions. 
Sensors and Actuators A: Physical. 2001 Oct 31;94(1):19-24. 
This article is protected by copyright. All rights reserved.
 32 
54 Sawyer CB, Tower CH. Rochelle salt as a dielectric. Physical review. 1930 Feb 1;35(3):269. 
55 Scott JF. Ferroelectrics go bananas. Journal of Physics: Condensed Matter. 2007 Dec 
13;20(2):021001. 
56 Yuan GL, Yang Y, Or SW. Aging-induced double ferroelectric hysteresis loops in Bi Fe O 3 
multiferroic ceramic. Applied physics letters. 2007 Sep 17;91(12):122907. 
57 Sherrit S, Mukherjee BK. Characterization of piezoelectric materials for transducers. arXiv 
preprint arXiv:0711.2657. 2007 Nov 16. 
58 Güthner P, Dransfeld K. Local poling of ferroelectric polymers by scanning force 
microscopy. Applied Physics Letters. 1992 Aug 31;61(9):1137-9. 
59 Jesse S, Lee HN, Kalinin SV. Quantitative mapping of switching behavior in piezoresponse 
force microscopy. Review of scientific instruments. 2006 Jul;77(7):073702. 
60 Sanwlani S, Balal M, Jyotsna S, Sheet G. The role of substrates and environment in 
piezoresponse force microscopy: A case study with regular glass slides. Solid State 
Communications. 2016 Nov 30;246:17-22. 
61 Vasudevan RK, Balke N, Maksymovych P, Jesse S, Kalinin SV. Ferroelectric or non-
ferroelectric: Why so many materials exhibit “ferroelectricity” on the nanoscale. Applied Physics 
Reviews. 2017 Jun;4(2):021302. 
This article is protected by copyright. All rights reserved.
 33 
62 Balke N, Maksymovych P, Jesse S, Herklotz A, Tselev A, Eom CB, Kravchenko II, Yu P, 
Kalinin SV. Differentiating ferroelectric and nonferroelectric electromechanical effects with 
scanning probe microscopy. ACS nano. 2015 Jun 8;9(6):6484-92. 
63 Gomez A, Gich M, Carretero-Genevrier A, Puig T, Obradors X. Piezo-generated charge 
mapping revealed through direct piezoelectric force microscopy. Nature Communications. 2017 
Oct 24;8(1):1113. 
64 Rogers B, Manning L, Sulchek T, Adams JD. Improving tapping mode atomic force 
microscopy with piezoelectric cantilevers. Ultramicroscopy. 2004 Aug 31;100(3):267-76. 
65 Sampathkumar P, Gowdhaman P, Sundaram S, Annamalai V. A Review on PZT-polymer 
composites: dielectric and piezoelectric properties. Nano Vision. 2013;3(3):223-30. 
66 Kawai H. The piezoelectricity of poly (vinylidene fluoride). Japanese Journal of Applied 
Physics. 1969 Jul;8(7):975. 
67 Kepler RG, Anderson RA. Ferroelectric polymers. Advances in physics. 1992 Feb 1;41(1):1-
57. 
68 Harrison JS, Ounaies Z. Piezoelectric polymers. John Wiley & Sons, Inc.; 2002. 
69 Fukada E. Recent developments of polar piezoelectric polymers. IEEE transactions on 
dielectrics and electrical insulation. 2006 Oct;13(5):1110-9. 
This article is protected by copyright. All rights reserved.
 34 
70 Ramadan KS, Sameoto D, Evoy S. A review of piezoelectric polymers as functional materials 
for electromechanical transducers. Smart Materials and Structures. 2014 Jan 17;23(3):033001. 
71 Bune AV, Zhu C, Ducharme S, Blinov LM, Fridkin VM, Palto SP, Petukhova NG, Yudin SG. 
Piezoelectric and pyroelectric properties of ferroelectric Langmuir–Blodgett polymer films. 
Journal of Applied Physics. 1999 Jun 1;85(11):7869-73. 
72 Chen X, Han X, Shen QD. PVDF‐Based Ferroelectric Polymers in Modern Flexible 
Electronics. Advanced Electronic Materials. 2017 Jan 1. 
73 De Araujo CP, Cuchiaro JD, McMillan LD, Scott MC, Scott JF. Fatigue-free ferroelectric 
capacitors with platinum electrodes. Nature. 1995 Apr 13;374(6523):627-9. 
74 Murata Y, Tsunashima K, Umemura J, Koizumi N. Ferroelectric behavior and hydrogen 
bonding in polyamides. InElectrical Insulation and Dielectric Phenomena, 1995. Annual Report., 
Conference on 1995 Oct 22 (pp. 544-547). IEEE. 
75 Miyata S, Yoshikawa M, Tasaka S, Ko M. Piezoelectricity revealed in the copolymer of 
vinylidene cyanide and vinyl acetate. Polymer Journal. 1980 Dec 1;12(12):857-60. 
76 Tiwana M I, Redmond S J, Lovell N H, A review of tactile sensing technologies with 
applications in biomedical engineering Sensors, Actuators A. 2012, 179:17–31 
77 Lindahl O A, Constantinou C E, Eklund A, Murayama Y, Hallberg P, Omata S, Tactile 
resonance sensors in medicine, J. Med. Eng. Technol. 2009, 33:263–73 
This article is protected by copyright. All rights reserved.
 35 
78 Zhou Q, Lau S, Wu D, Kirk Shung K, Piezoelectric films for high frequency ultrasonic 
transducers in biomedical applications, Prog. Mater. Sci., 2011, 56:139–74 
79 Kim H, Kim J, Kim J, A review of piezoelectric energy harvesting based on vibration Int., J. 
Precision Eng. Manufacturing, 2011, 12:1129–41 
80 Anton S R, Sodano H A, A review of power harvesting using piezoelectric materials (2003–
2006), Smart Mater. Struct., 2007, 16:R1 
81 Fukada E, Yasuda I, On the Piezoelectric Effect of Bone, J. Phys. Soc. Jpn., 1957, 12:1158–
1162 
82 Bassett C A L, Becker R O, Generation of electric potentials by bone in response to 
mechanical stress, Science, 1962, 137:1063–1064 
83 Shamos M H, Lavine L S, Piezoelectricity as a Fundamental Property of Biological Tissues, 
Nature, 1967, 213:267–269 
84 Damaraju S M, Wu S, Jaffe M, Arinzeh T L, Structural changes in PVDF fibers due to 
electrospinning and its effect on biological function, Biomed. Mater., 2013, 8:045007 
85 Weber N, Lee Y S, Shanmugasundaram S, Jaffe M, Arinzeh T L, Characterization and in 
vitro cytocompatibility of piezoelectric electrospun scaffolds, Acta Biomater., 2010, 6:3550–
3556 
This article is protected by copyright. All rights reserved.
 36 
86 Guo H F, Li Z S, Dong S W, Chen W J, Deng L, Wang Y F, Piezoelectric PU/PVDF 
electrospun scaffolds for wound healing applications, Colloids Surf. B Biointerfaces, 2012, 
96:29–36 
87 Fukada E, Piezoelectric properties of poly-L-lactic acid, Rep. Prog. Polym. Phys. Jpn., 1991, 
34:269–272 
88 FDA, 510(k) Summary, 2008 
89 Prabhakaran M P, Venugopal J, Ramakrishna S, Electrospun nanostructured scaffolds for 
bone tissue engineering, Acta Biomater., 2009, 5:2884–2893 
90 Jia L, Prabhakaran M P, Qin X, Ramakrishna S, Stem cell differentiation on electrospun 
nanofibrous substrates for vascular tissue engineering, Mater. Sci. Eng., 2013, C33:4640–4650 
91 Gorbunov D, Sturlese M, Nies F, Kluge M, Bellanda M, Battistutta R, Oliver D, Molecular 
architecture and the structural basis for anion interaction in prestin and SLC26 transporters, 
Nature Communications, DOI: 10.1038/ncomms 4622:1-13 
92 Horiuchi S, Tokunaga Y, Giovannetti G, Picozzi S, Itoh H, Shimano R, Kumai R, Tokura Y. 
Above-room-temperature ferroelectricity in a single-component molecular crystal. Nature. 2010 
Feb 11;463(7282):789-92. 
This article is protected by copyright. All rights reserved.
 37 
93 Fu DW, Cai HL, Liu Y, Ye Q, Zhang W, Zhang Y, Chen XY, Giovannetti G, Capone M, Li J, 
Xiong RG. Diisopropylammonium bromide is a high-temperature molecular ferroelectric crystal. 
Science. 2013 Jan 25;339(6118):425-8. 
94 Piecha A, G� gor A, Jakubas R, Szklarz P. Room-temperature ferroelectricity in 
diisopropylammonium bromide. CrystEngComm. 2013;15(5):940-4. 
95 Hill, Nicola A. "Why are there so few magnetic ferroelectrics?" (2000): 6694-6709. 
96 Spaldin NA, Pickett WE. Computational design of multifunctional materials. Journal of Solid 
State Chemistry. 2003 Dec 31;176(2):615-32. 
97 Spaldin NA. Search for ferromagnetism in transition-metal-doped piezoelectric ZnO. Physical 
Review B. 2004 Mar 3;69(12):125201. 
98 Van Suchtelen J. Product properties: a new application of composite materials. Philips Res. 
Rep. 1972 Feb;27(1):28-37. 
99 Zheng H, Wang J, Lofland SE, Ma Z, Mohaddes-Ardabili L, Zhao T, Salamanca-Riba L, 
Shinde SR, Ogale SB, Bai F, Viehland D. Multiferroic BaTiO3-CoFe2O4 nanostructures. 
Science. 2004 Jan 30;303(5658):661-3. 
100 Andrew, J. S., and D. R. Clarke. "Enhanced ferroelectric phase content of polyvinylidene 
difluoride fibers with the addition of magnetic nanoparticles." Langmuir 24, no. 16 (2008): 8435-
8438. 
This article is protected by copyright. All rights reserved.
 38 
101 Jiang, Beibei, Xinchang Pang, Bo Li, and Zhiqun Lin. "Organic–inorganic nanocomposites 
via placing monodisperse ferroelectric nanocrystals in direct and permanent contact with 
ferroelectric polymers." Journal of the American Chemical Society 137, no. 36 (2015): 11760-
11767. 
102 Almadhoun, Mahmoud N., Unnat S. Bhansali, and Husam N. Alshareef. "Nanocomposites 
of ferroelectric polymers with surface-hydroxylated BaTiO 3 nanoparticles for energy storage 
applications." Journal of Materials Chemistry 22, no. 22 (2012): 11196-11200. 
103 Martins, Pedro, and Senentxu Lanceros‐Méndez. "Polymer‐based magnetoelectric 
materials." Advanced Functional Materials 23, no. 27 (2013): 3371-3385. 
104 Stolichnov I, Riester SW, Mikheev E, Setter N, Rushforth AW, Edmonds KW, Campion RP, 
Foxon CT, Gallagher BL, Jungwirth T, Trodahl HJ. Ferroelectric polymer gates for non-volatile 
field effect control of ferromagnetism in (Ga, Mn) As layers. Nanotechnology. 2011 May 
16;22(25):254004. 
 
This article is protected by copyright. All rights reserved.
 
Timothy Usher received a Ph.D. in Physics from University of South Carolina. He is currently a 
full professor of physics at California State University San Bernardino. He was also a Fulbright 
Scholar at University College Dublin, Ireland.  
 
Kimberley Cousins earned a Ph.D. in organic chemistry from the University of Texas at Austin 
in 1991. She pursued a Camille and Henry Dreyfus Postdoctoral Fellow (Hendrix College, 
Conway AR) and joined the Department of Chemistry at California State University San 
Bernardino in 1991. 
 
Renwu Zhang obtained his Ph.D. in Physical Chemistry/Material Science from University of 
Missouri-Kansas City in 2002. In 2011, he joined the Department of Chemistry and 
Biochemistry at California State University, San Bernardino. 
 
Stephen Ducharme received his B.S. degree in physics at the University of Lowell (now the 
University of Massachusetts, Lowell). He received his Ph.D. degree in Physics from the 
University of Southern California, followed by postdoctoral appointments at the University of 
Utah and the IBM Almaden Research Center. He is currently a full professor of physics at 
University of Nebraska—Lincoln and the Nebraska Center for Materials and Nanoscience. 
 
This article is protected by copyright. All rights reserved.
PI_5584_figure 7.tif
This article is protected by copyright. All rights reserved.
PI_5584_Photo_Cousins.jpg
This article is protected by copyright. All rights reserved.
PI_5584_Photo_Ducharme.jpg
This article is protected by copyright. All rights reserved.
PI_5584_Photo_Usher.jpg
This article is protected by copyright. All rights reserved.
!
This article is protected by copyright. All rights reserved.
Recent advances provide new opportunities in the field of polymer piezoelectric materials. 
Traditional inorganic piezoelectric materials have limitations that polymer ferroelectric materials 
can overcome, if certain challenges can be addressed. This mini-review is a practical summary of 
the current research and future directions with an emphasis on polymeric piezoelectric materials.  
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